Klebsiella pneumoniae is a free-living nitrogen-fixing species closely related to Escherichia coli, and Rhizobium meliloti fixes atmospheric dinitrogen in symbiotic association with various legumes including Medicago sativa (alfalfa). In K. pneumoniae, 17 contiguous nitrogen fixation (nif) genes have been identified and characterized (2) ; in R. meliloti, several genes have been identified which are specifically required for symbiotic nitrogen fixation, some of which are clustered as in K. pneumoniae (1, 4, 7, 9, 12, 24, 29, 31, 36) . According to convention, a Rhizobium symbiotic gene that is structurally or functionally homologous to a K. pneumoniae nif gene is given the same gene designation as the K. pneumoniae gene. Only four R. meliloti symbiotic genes have been paired with K. pneumoniae nif genes: nifHDK encode the three nitrogenase polypeptides (29) , and nifA encodes a positive regulator for nif gene expression (7, 36) . A genetic and physical map of the R. meliloti nifHDKnifA region is shown in Fig. 1 .
We performed Tn5 mutagenesis to characterize the region downstream of the R. meliloti 1021 nifA gene (to the right in Fig. 1 ) and obtained a Fix-(inability to symbiotically fix nitrogen) mutation which contains an insertion approximately 500 base pairs (bp) downstream of nifA. In a different R. meliloti strain, insertion mutations in the corresponding region also resulted in a Fix-phenotype (9) . Two observations suggested that the region downstream of nifA in R. meliloti contains a gene homologous to K. pneumoniae nifB, a gene required for the processing of the nitrogenase ironmolybdenum cofactor (FeMoco) (26, 27) . First, in Rhizobium leguminosarum, a putative nifB homolog (fixZ) is located about 450 bp downstream of R. leguminosarum nifA (28) . Second, we found DNA sequences highly homologous to R. leguminosarumfixZ gene sequences downstream of the R. meliloti nifA gene (7; W. Buikema, unpublished data).
To determine whether the newly identified R. (18) , and the modified NruI-SstI fragment was ligated into SmaI-SstI-digested pUC13 (37) . The resulting plasmid, pWB50, was transformed into the E. coli maxicell strain CSR603.
Protein biochemistry. Expression of the nifB polypeptide in maxicells was performed as described previously (10 Computer analysis. Programs used for the input and assembly of sequence data, the analysis of DNA and amino acid sequence homologies, and restriction site mapping have been described previously (7, 11) .
RESULTS
Genetic analysis. The nifA region of the R. meliloti 1021 megaplasmid that was mutagenized with TnS is shown in Fig. 2 (Fig. 1B) . In each case, an appropriate restriction fragment was purified and sonicated, and the resulting fragments were cloned and randomly sequenced as previously described (7) . In addition, specific restriction fragments were cloned and sequenced to complete small sections for which sequence data from only a single strand had been obtained by the random method. For both species, sufficient clones were sequenced to give completely overlapping, contiguous readings for both strands, averaging three to four readings at any position. The sequence data are displayed in Fig. 3 (5) and was the next downstream AUG (which also had a suitable ribosomebinding site sequence preceding it) from this position. The AUG for the R. meliloti nifB ORF was chosen based on its position as the first AUG in the ORF, the immediate upstream placement of a likely ribosome-binding site sequence, the position of a potential nif promoter sequence 40 bases upstream, and its alignment with the K. pneumoniae nifB and the R. leguminosarum fixZ DNA sequences.
The R. meliloti nifB ORF measures 1470 bp and codes for a protein product of approximately 54 kilodaltons (kDa). The K. pneumoniae nifB ORF is 1,404 bp and codes for a polypeptide of 51 kDa. This latter value compares favorably with the published molecular sizes of 48 and 51.5 kDa for the K. pneumoniae niJB gene product (24, 33) . A computer program that statistically determines and plots the probability that a reading frame is also a coding region (positional base preference method; 34), predicted the same ORFs as described above.
Within the region reported to contain the K. pneumoniae nifQ gene (16), we found an ORF of 501 bp. The UGA stop codon of nifB overlaps the AUG start codon of the presumptive nifQ gene by one base (Fig. 4) . Finally, about 30 bp downstream of the UAG stop codon of the nifQ gene is a potential bidirectional transcription terminator. This sequence consists of an exact inverted repeat of seven G and C residues and five A and T residues, separated by four base pairs, and terminated in the downstream direction by four Ts and by six Ts in the upstream direction. This potential terminator has the characteristic structure of a rhoindependent terminator and is similar in structure to other reported bidirectional terminators (8, 13) .
Expression of R. meliloti nijB gene in maxicells. The size of the protein product of the R. meliloti niJB gene was determined in maxicells. A transcriptional fusion of the nifB gene was constructed in which the lacZ promoter of pUC13 was used to express the gene in the maxicell strain CSR603. The plasmid containing this construction, pWB50, expressed a protein product of 53 kDa which is presumably the product of the R. meliloti nifB gene (Fig. 5) .
We attempted to use pWB50 to complement a K. pneumoniae nifB mutant (UN1712). However, in liquid culture under derepressing conditions, the presence or absence of pWB50 in nifB or wild-type strains had no effect on the levels of nitrogen fixation observed (data not shown).
Interspecies conservation of nijB. A comparison of the sequences of the R. meliloti and K. pneumoniae nifB genes revealed about 50 and 40% homology at the DNA and amino acid levels, respectively (Fig. 6 ). The most highly conserved 
Nucleotide sequences of the K. pneumoniae nifB and nifQ genes and their amino acid translation products. 'The putative ribosome-binding site (nucleotide positions -8 to -12) and putative transcriptional regulatory sequences (see references 2 and 6) for the nifBQ operon are underlined, and a putative transcriptional terminator structure is shown subscripted. The putative initiation codon for the nifQ gene is at nucleotide position 1407. would be predicted from the level of DNA homology.
observations suggest that the published R. leguminosarum Moreover, the R. leguminosarum fixZ gene ORF predicted fixZ sequence (28) thefixZ amino acid sequence which is the same size as the R. meliloti nifB ORF. A comparison of the predicted amino acid sequences of the R. meliloti and K. pneumoniae nijB genes and the revised sequence of the R. IeguminosarumfixZ gene is shown in Fig. 6 . DISCUSSION Using TnS mutagenesis, maxicell analysis, and DNA sequence analysis, we showed that R. meliloti contains a homolog of the K. pneumoniae nifB gene directly downstream of nifA. R. leguminosarum also appears to contain a nifB homolog directly downstream of nifA (28) . Therefore, in three distantly related nitrogen-fixing species which have been examined, niJB is directly downstream of nifA in a separate transcription unit, and nifA and nifB are transcribed in the same direction. The reason for the conservation of map position is not clear, especially since nifA (a regulatory gene) and nijB (a gene required for FeMoco biosynthesis) have significantly different roles in the nitrogen fixation process. Moreover, other features of the ordering and clustering of nifoperons are not conserved between K. pneumoniae and Rhizobium species.
Because we could readily detect production of the R. meliloti nifB product in a maxicell experiment in which the nifB gene was transcribed from the lacZ promoter (Fig. 5 (20, 21) shows the following typical pattern: Cys-X2-Cys-X2-Cys-X3-Cys-Pro. Rossen et al. (28) noted the same clustering of cysteine residues in the sequence of the R. leguminosarumfixZ gene. They also noted the presence of several residues adjacent to the cysteines which contain free amido (asparagine [N] and glutamine [Q]) or guanidino (arginine [R]) groups; these same residues are also present in high proportions adjacent to the cysteine clusters in the R. meliloti and K. pneumoniae nifB genes. The cysteine clusters in the nifB, fixZ, and nifQ genes are within a very hydrophilic region that contains both polar and charged residues, suggesting that these regions are solvent exposed (35) and that the FeMoco precursor binds either to the outside or within a hydrophilic pocket of these proteins.
Several lines of evidence argue that the R. meliloti nifB gene is preceded by a promoter that is activated by the nifA gene product. First, in both K. pneumoniae and R. meliloti, the nifB gene is preceded by a rho-independent transcription terminator (7) and by a sequence which conforms to the consensus nifA-activated promoter (2 (11) , and the published fixZ sequence has been altered as explained in Results. Vertical bars and stars denote identity between adjacent and nonadjacent sequences, respectively.
promoter region contains the sequence TGT-N1O-ACA which has recently been identified as a putative upstream nifA binding sequence (6) . Using the nomenclature of Buck et al. (6) in which the position of the C residue in the invariant GC dinucleotide in the downstream consensus nifA promoter element is designated -12 and the position of the upstream consensus sequence refers to the position of the G in the TGT motif, two upstream elements are found at positions -82 and -102 of the R. meliloti nifB gene. We found that the position of the upstream element in the K. pneumoniae nifB gene is at position -131, rather than at -143 as stated by Buck et al. (6) .
